Neuronal Wiskott-Aldrich syndrome protein (N-WASP) and the actin-related protein 2/3 (Arp2/3) complex have emerged as critical host proteins that regulate pathogen actin-based motility. Actin tail formation and motility in Listeria monocytogenes require the Arp2/3 complex but bypasses N-WASP signaling. Motility of Shigella flexneri and vaccinia virus requires both N-WASP and the Arp2/3 complex. Functional roles for these cytoskeletal regulatory proteins in actin-based motility of Rickettsia rickettsii have not been established. In this study, functional domains of N-WASP tagged with green fluorescent protein that have characterized effects on Shigella and vaccinia virus actin-based motility were ectopically expressed in HeLa cells infected with R. rickettsii to assess their effects on rickettsial motility. S. flexneri-infected cells were used as a control. Expressed N-WASP domains did not localize to R. rickettsii or their actin tails. Expression of N-WASP missing the VCA domain (for "verprolin homology, cofilin homology, and acidic domains"), which acts as a dominant-negative form of N-WASP, completely inhibited actin-based motility of S. flexneri while only moderately inhibiting motility of R. rickettsii. Similarly, expression of the VCA domain, which acts as a dominant-negative with respect to Arp2/3 complex function, severely inhibited actin-based motility of S. flexneri (no motility observed in the majority of expressing cells) but only moderately inhibited R. rickettsii motility. These results, taken together with the differential effects on motility observed upon expression of other N-WASP domains, suggest that actin-based motility of R. rickettsii is independent of N-WASP and the Arp2/3 complex.
Rickettsia spp. are obligate intracellular bacteria that are transmitted to mammalian hosts exclusively by arthropods (40) . Pathogenic rickettsiae have a tropism for the endothelium, where they replicate and spread to cause increased vascular permeability. A likely rickettsial virulence mechanism that aids in intracellular dissemination is actin-based motility (ABM) (11) (12) (13) 36) . The propulsive force provided by rickettsia-driven polarized actin polymerization propels the organism into membrane protrusions that are engulfed by neighboring cells, thereby facilitating direct cell-to-cell spread. With the exception of the typhus group organism Rickettsia typhi, ABM is confined to members of the spotted fever group of rickettsiae such as Rickettsia rickettsii and Rickettsia conorii, the causative agents of Rocky Mountain spotted fever and Mediterranean spotted fever, respectively (13, 36) .
There is a paucity of information on regulators of R. rickettsii ABM. However, the actin polymerization machinery that promotes motility of Listeria, Shigella, and vaccinia virus is reasonably well described and is comprised of both pathogen and host proteins (reviewed in references 9 and 10). Neuronal Wiskott-Aldrich syndrome protein (N-WASP) and the actinrelated protein 2/3 (Arp2/3) complex of proteins are critical host proteins that regulate ABM (10) . The Arp2/3 complex consists of two actin-related proteins (Arp2 and Arp3) and five additional protein subunits and is the only known cellular factor that nucleates polymerization of actin filaments that grow from their fast-growing barbed ends (16, 29) . N-WASP, which normally couples surface receptor stimulation with actin polymerization, is a member of the WASP family of proteins that in mammals also includes WASP and three isoforms of the suppressor of cyclic AMP receptor (Scar) (3, 18, 28) . The actin assembly activity of the Arp2/3 complex is activated upon binding of activated N-WASP (18, 28) . N-WASP contains a number of functional domains, some of which bind effector molecules involved in N-WASP activation. A centrally located Cdc42/Rac interactive binding motif (CRIB) and a basic region adjacent to CRIB act as ligands for Cdc42 and phosphatidylinositol 4,5-bisphosphate [PI(4,5)P 2 ], respectively (28, 32) . The C-terminal VCA domain (for "verprolin homology, cofilin homology, and acidic domains"; called WA for WASP homology 2 and acidic domains in Scar) of unfolded N-WASP binds the Arp2/3 complex and stimulates its actin-nucleating activity (18, 41) . Additional functional domains of N-WASP include a proline-rich central domain, which binds profilin and Src homology domain 3-containing proteins such as the adaptor protein Nck1 (9, 26) , and the N-terminal Wiskott-Aldrich homology 1 (WH1) domain, which mediates interactions with calmodulin, PI(4,5)P 2 , actin filaments, and a WASP-regulating protein termed WASP-interacting protein (5, 19, 23, 31) . N-WASP is synergistically activated by binding PI(4,5)P 2 and GTP-bound Cdc42 (32) . Binding relieves the intramolecular interactions between the C-terminal VCA domain and the basic-region, CRIB, and WH1 domains, promoting a conformational change from an autoinhibited, folded state to an active, unfolded state (32) .
N-WASP is directly recruited to Shigella by the bacterial surface protein IcsA (35) . Binding to IcsA causes N-WASP to undergo a conformational change to an active form reminiscent of Cdc42 activation (3, 5) . Tyrosine phosphorylation of the vaccinia virus protein A36R results in stepwise recruitment of the SH2/SH3 adaptor protein Nck1, WASP-interacting protein, and N-WASP (8, 26) , with recruitment of the adaptor Grb2 downstream of N-WASP also occurring (33) . In each case, activated N-WASP recruits the Arp2/3 complex and activates its actin-nucleating activity, with actin tail formation and motility ensuing. Listeria circumvents a need for N-WASP by synthesizing ActA, which can directly bind and activate the Arp2/3 complex in an N-WASP-like manner (2, 38, 39) . Thus, these three pathogens employ unique forms of "molecular mimicry" to activate critical regulators of the actin cytoskeleton to promote ABM: Shigella mimics Cdc42 activation of N-WASP, Listeria mimics N-WASP activation of the Arp2/3 complex, and vaccinia virus mimics receptor tyrosine kinase signaling (9) .
A previous study by Gouin and coworkers (11) demonstrated by immunofluorescence that the related organism R. conorii also does not recruit N-WASP or Arp3. A potential caveat is that N-WASP and Arp2/3 complex may be recruited by rickettsiae but are beyond the limit of immunofluorescent detection (4) . Given the universal requirement for N-WASP (or an N-WASP mimic such as ActA) and the Arp2/3 complex in pathogen ABM, we wished to further investigate similar requirements in R. rickettsii motility using a functional assay. In this study, functional domains of N-WASP tagged with green fluorescent protein (GFP) that have characterized effects on Shigella and vaccinia virus ABM were expressed in HeLa cells infected with R. rickettsii (26) . The effect of expression on rickettsial ABM was determined by comparing the rate of motility in expressing cells to that in nonexpressing cells.
R Rickettsiae suspended in 3.7% brain heart infusion broth (Difco Laboratories, Detroit, Mich.) were used to infect monolayers at a multiplicity of infection of 0.1 to 1.0 for 45 min. The inoculum was removed, cells were washed once with Hanks' buffered saline solution (Life Technologies), M199 medium supplemented with 2% FBS was added, and incubation was continued at 34°C. For infection of HeLa cells with S. flexneri, organisms were cultivated overnight at 38.5°C in tryptic soy broth (TSB; Difco Laboratories), diluted 100-fold in TSB, and incubated for an additional 2 to 3 h at 38.5°C. Five hundred microliters of suspended bacteria was added to petri dishes, and the dishes were then centrifuged at 900 ϫ g for 12 min at room temperature to facilitate infection. Infected HeLa cells were incubated for 1 h, washed three times with Hanks' buffered saline solution, M199 containing 2% FBS and gentamicin sulfate (75 g/ml; to kill extracellular shigellae) was added, and incubation was continued at 37°C. Transfections were conducted by using Lipofectamine and methods suggested by the supplier (Life Technologies). Due to the low growth rate of rickettsia, HeLa cells were infected with R. rickettsii for 2 to 4 days prior to transfection. Rickettsial infection and expression of GFP constructs were then allowed to proceed for an additional 1 to 2 days before microscopy. HeLa cells were transfected 24 h before infection with Shigella, which was continued for 3 h before microscopy. A schematic of the N-WASP-encoding plasmids used in this study is presented in Fig. 1 . Their construction has been described elsewhere (26) .
Live infected cells expressing GFP constructs were located by epifluorescence and imaged by time-lapse video phase-con- (26) , GFP fused to full-length N-WASP localized to one pole of intracellular S. flexneri organisms (Fig. 2) . Conversely, this protein was not recruited by R. rickettsii (Fig. 2) , which was also the case for all N-WASP constructs employed in this study (data not shown). Expression moderately inhibited the rate of ABM of both pathogens, with Shigella and Rickettsia organisms moving at 75 and 87%, respectively, of the rate of bacteria in nonexpressing cells. (The effects of expression of all N-WASP functional domains on Shigella and Rickettsia ABM are summarized in Table 1 .) Inhibition of Shigella actin tail formation by expression of GFP fused to wild-type N-WASP has been reported (26) .
We next expressed specific N-WASP functional domains having dominant-negative effects to substantiate a lack of N-WASP involvement in rickettsial ABM and to provide insight into possible roles for N-WASP effector proteins that may regulate rickettsial motility in an N-WASP-independent fashion. We first investigated the effect of expression of N-WASP missing the VCA domain (⌬VCA). This truncated form of N-WASP is recruited like the wild-type protein but is unable to bind the Arp2/3 complex and activate its actin-nucleating activity. It consequently behaves as a dominant-negative form of N-WASP (6, 26) . Expression of ⌬VCA inhibits both N-WASPmediated endocytosis of invasive bacteria (1, 6, 22) and actin tail formation of vaccinia virus and Shigella (26) . Ectopically expressed ⌬VCA was recruited by Shigella (data not shown) and completely inhibited ABM in all expressing cells. In contrast, a moderate inhibitory effect on R. rickettsii motility was observed, with organisms in expressing cells moving at 61% of the rate of organisms in nonexpressing cells. Because R. rickettsii does not recruit N-WASP or ⌬VCA, the moderate inhibition of rickettsial ABM by both proteins may be due to sequestration of N-WASP binding proteins that regulate rickettsial motility in an N-WASP-independent fashion.
Expression of the N-WASP CRIB region also severely inhibited the rate of Shigella ABM, with no motility observed in 69.2% of expressing cells. In the remaining expressing cells, Shigella moved at 49% of the rate of organisms in nonexpress- (26) . Their inhibitory effects have been attributed to inhibition of recruitment of endogenous N-WASP (15, 26) . Because CRIB also contains a binding motif for the N-WASP effector Cdc42, a Rho-family GTPase involved in N-WASP activation, cytosolic expression of CRIB or WH1-CRIB could also conceivably inhibit Shigella ABM by sequestering Cdc42. However, a growing body of evidence suggests that Cdc42 activation of N-WASP is not required for Shigella ABM (14, 15, 27, 34) . Expression of CRIB, but not of CRIB H208D or WH1-CRIB, moderately inhibited the rate of rickettsial ABM, with organisms in expressing cells moving at 87% of the rate of those in nonexpressing cells. The observation that CRIB is not recruited by Rickettsia, in conjunction with the lack of inhibition by CRIB H208D, may suggest a role for Cdc42 signaling in rickettsial ABM, although additional studies are needed to define functions for this and other Rho-family GTPases. The rate of Shigella and Rickettsia ABM was not significantly inhibited by expression of the N-WASP polyproline-rich region (poly-Pro), nor was the protein recruited by either bacterium. This proline-rich motif can act as a ligand for the actin monomer-sequestering protein profilin and Src homology domain 3-containing proteins (9). While not essential for Shigella ABM, profilin increases the rate of movement in cell-free reconstitution assays (14) . A functional role for profilin in rickettsial ABM has not been established, although the protein localizes throughout the rickettsial actin tail (37) . Ectopically expressed poly-Pro would be expected to sequester profilin and make it less accessible for ABM. In fact, microinjection of the oligoproline peptide (GPPPPP) 3 corresponding to the profilin binding motif of VASP inhibits Shigella ABM in PtK2 cells, presumably by sequestering profilin (42) . We anticipated that cytosolic expression of poly-Pro would have a similar effect. The lack of inhibition of both Shigella and Rickettsia ABM may indicate that this GFP fusion protein does not efficiently sequester profilin.
In contrast to results with poly-Pro, N-WASP missing the proline-rich domain (⌬poly-Pro) was recruited by Shigella, and expression moderately inhibited ABM, with organisms in expressing cells moving at 66% of the rate of those in nonexpressing cells. These findings are in keeping with recent studies that demonstrated recruitment by Shigella of similar N-WASP poly-Pro constructs that result in deficient actin tail formation (15, 25) . In these studies, the actin tail deficiency was attributed to the lack of profilin recruitment (15, 25) , although a recent report suggests that profilin augmentation of Shigella ABM is independent of binding to the N-WASP polyproline region (5). Expression of ⌬poly-Pro did not inhibit rickettsial ABM, nor was the protein recruited by Rickettsia. Unless activated, ⌬poly-Pro should reside in a folded, autoinhibited state that does not activate the Arp2/3 complex.
Expression of the WH1 domain of N-WASP did not significantly inhibit the rate of Shigella or Rickettsia ABM. However, the protein was recruited by Shigella (data not shown). WH1 recruitment by Shigella has been described, and the domain has been speculated to augment CRIB-mediated binding to IcsA (15) .
When ectopically expressed, the VCA domain of WASP family proteins sequesters the Arp2/3 complex to result in delocalized activation of its actin-nucleating activity. It therefore has a dominant-negative effect with respect to Arp2/3 complex function by preventing recruitment and focalized activation by endogenous WASP family members (17, 18, 26) . Expression of VCA inhibits actin tail formation of Shigella and Rather, the actin-nucleating machinery associated with rickettsial ABM is likely deficient in competing for the monomeric actin pool with delocalized and activated Arp2/3 complex, thereby lowering the rate of tail formation and movement (17, 20) . Consistent with these results is the observation that Arp3 localized to the bacterium-tail interface of S. flexneri but not R. rickettsii (Fig. 3) . In contrast to the VCA domain, expression of N-WASP missing the WH1 domain (⌬WH1) did not significantly inhibit ABM of Shigella. This N-WASP deletion protein activates the Arp2/3 complex in a fashion similar to VCA and therefore likely exists in an unfolded, activated state (18, 26) . The lack of ⌬WH1 inhibition of Shigella motility is attributable to CRIBmediated recruitment and utilization of this protein by Shigella in a fashion similar to wild-type N-WASP (15) . Consistent with this hypothesis is the observation that ⌬WH1, like full-length N-WASP and all CRIB-containing proteins, localized to the actin-polymerizing pole of intracellular Shigella (data not shown). Moreover, Lommel et al. (15) demonstrated that a similar N-WASP construct rescues actin tail formation in an N-WASP-deficient cell line. As for VCA, expression of ⌬WH1 moderately inhibited ABM of Rickettsia, with organisms in expressing cells moving at 45% of the rate of those in nonexpressing cells. The greater inhibition of rickettsial motility by ⌬WH1 over the VCA domain may be due to sequestration of other N-WASP effector molecules (e.g., Cdc42), in addition to delocalized Arp2/3 activation and depletion of the monomer actin pool.
In summary, the results of this study suggest that maintenance of R. rickettsii ABM does not require N-WASP or Arp2/3 complex activity. Independence from N-WASP signaling is most clearly supported by the lack of recruitment of all N-WASP domains, in addition to the moderate inhibition of rickettsial ABM by ⌬VCA, the dominant-negative form of N-WASP, which completely inhibits Shigella ABM. The mechanism of moderate inhibition of rickettsial ABM by ⌬VCA is unknown, but it may involve sequestration of N-WASP binding proteins, such as Cdc42 and profilin, that affect rickettsial motility in an N-WASP-independent fashion. Future studies using null cell lines and specific inhibitors of N-WASP effector molecules should further define the host cell requirements for rickettsial ABM.
Independence of R. rickettsii ABM from Arp2/3 complex actin-nucleating activity is supported by the moderate inhibition of rickettsial ABM by VCA, which severely and completely inhibits motility of Shigella (this study) and Listeria (21), respectively. Moreover, R. rickettsii does not recruit Arp3. The inhibition of rickettsial ABM by VCA is likely due to depletion of the polymerizable monomer actin pool by untargeted and activated Arp2/3 complex (17, 20) . The actin-nucleating machinery associated with rickettsial motility may be deficient in competing for the monomeric actin pool, thereby slowing tail formation and movement. This hypothesis is consistent with the fact that rickettsiae move substantially more slowly than shigellae and listeriae (10) and are therefore likely to be less on October 15, 2017 by guest http://iai.asm.org/ efficient at nucleating actin than these pathogens. Further evidence against a role for the Arp2/3 complex in rickettsial ABM is that actin filaments of R. rickettsii and R. conorii actin tails lack the dendritic side branching characteristic of Arp2/3 complex activity (11, 16, 37) . Zyxin and the formans have recently been shown to nucleate the production of unbranched filaments (7, 30) . Whether either protein is involved in rickettsial ABM remains to be determined. The possibility that Rickettsia produces an actin nucleator that promotes the synthesis of unbranched filaments also exists.
